Passive resonant metamaterials are limited by the narrow-band nature of the resonances they support. Here we show that by incorporating an active component into the structure of the commonly used split-ring resonator it is possible to tune the resonance frequency of this type of metamaterial atom. We make use of this tuneability to examine the interaction between two resonators, one passive and one active, as the resonance frequency of the active resonator is swept through that of the passive resonator. The resultant modes of this coupled system exhibit an anti-crossing and, by changing the separation between, and relative orientation of, the split-ring resonators, we investigate how the magnetic and electric coupling terms change. We find that the relative orientation of the resonators significantly effects the strength of the coupling. Through both structural and active tuning we are able to alter the relative sizes and signs of the coupling terms. We hope that the nature of these changes will be of use to those designing large actively tunable metamaterial systems.
I. INTRODUCTION
The fabrication of structures that can achieve electromagnetic properties not found in nature has been an exciting topic of research for many years, perhaps beginning with Horace Lamb's consideration of a wave with a backward group velocity in 1904 [1] . At the time it was thought that to achieve such a wave would not be possible due to the material properties that would be required. However, the explosion of interest in metamaterials in the 1990s, i.e. materials whose bulk properties rely on structure rather than chemistry, offers a new path to demonstrating Lamb's backwards wave, for example by making use of sub-wavelength arrays of rings and wires. Whilst the field of metamaterials has continued to grow [2] [3] [4] , one of the early components of metamaterials, the splitring resonator (SRR), is still in common use as a 'metaatom'. We use this meta-atom in the work reported here.
Split-ring resonators may be easily scaled in size so as to enable operation over a wide range of frequencies, and they have been studied from the low GHz up to visible frequencies [5] [6] [7] . Incident radiation polarized so that the magnetic field lies along the axis of the SRR induces both a circulating current in the ring and an electric field across the split [5] , with corresponding electric and magnetic dipole moments that are indicated in Figure 1 . When many SRRs are arranged in an array, the individual SRRs may couple together in a manner analogous to classically coupled harmonic oscillators. This coupling has led to studies on the effects of the spacing and relative orientation of SRRs in 1, 2, and 3 dimensional arrays. [8] [9] [10] [11] [12] [13] [14] [15] [16] . * email: mb504@exeter.ac.uk
However, in common with many metamaterial elements, split-ring resonators have a limited frequency range over which they are resonant. Whilst work has been undertaken to fabricate metamaterials with a broad-band response [17, 18] , the structures used are still fixed at manufacture and sacrifice the ability to dynamically modify the operating frequency, an attribute that would be of considerable use in filter and antenna applications. More particularly, dynamical tuning would allow for functionality over a range of frequencies without sacrificing the benefits of selectivity offered by a narrow-band response. Such tuning has been achieved structurally [19, 20] by using the relationship between near field interactions of the rings and their relative positions to tune the resonant response.
Whilst the utility of active metamaterial elements for applications is clear, they can also be used as tools for investigating fundamental physics. For example, the use of metamaterial elements with active gain components enables loss to be compensated for, thereby allowing the investigation of Parity-Time symmetry breaking [21, 22] .
In this paper we investigate the coupling between an active tunable split-ring resonator and an adjacent passive SRR as a function of their separation and relative orientation. We show that, by altering these two parameters, the strength of the interaction between the SRRs can be altered dramatically, allowing a range of coupling regimes to be explored in a single system.
II. ACTIVE TUNING
The behaviour of split-ring resonators is well understood, making them an ideal starting point for developing active meta-atoms. SRRs behave as resonant LC circuits and, at their simplest, may be understood as a parallel plate capacitor (the split) connected in series with a single loop inductor (the ring). The fundamental resonance frequency of a split-ring resonator is given by equation 1, where L is the effective inductance of the ring and C is the effective capacitance [23] ,
To make the response of the split-ring resonator tuneable a variable capacitor (varactor) may be added [24] . A varactor consists of two layers of doped silicon, P-type and N-type (which are positively and negatively charged respectively). At the boundary between these layers a depletion region develops. The thickness of this depletion region, and hence the capacitance of the device, can be altered by applying an external voltage; the higher the voltage, the more charge is driven across the depletion region, causing it to widen and the capacitance to fall.
By incorporating a varactor into a split-ring resonator (a schematic of the SRR showing the position of the varactor can be seen in Figure 2 ) the total capacitance is altered since now the capacitance of the varactor has been added in series to the gap capacitance. Due to the reciprocal addition of capacitances in series, the smaller of the two contributions to the total capacitance dominates. Our design, with a narrow gap of 0.1 mm and a relatively thick ring width of 1 mm, was chosen to maximize the capacitive over the inductive contribution to the resonance frequency, thereby increasing the tuning range of the SRR. We used an Infineon BB 857-02V H7902 varactor, which allows the capacitance to be varied between 0.5±0.05 pF at a bias of 28 V, and 5±1 pF at a bias of 0 V (taken from the manufacturer's specifications).
A co-planar waveguide, a type of RF transmission line, was chosen to excite the split-ring resonator. When a signal is transmitted along a CPW, electric fields oscillate between the central "signal" track and two grounded sheets on either side, marked A and G respectively in Figure 2 . There is often an additional ground plane on the underside of a CPW to further improve transmission by confining the fields, but this is omitted here and replaced instead with a pair of SRRs printed (one beneath each track to maintain symmetry with the CPW) onto the underside of a substrate using standard PCB lithography and etching techniques. (Note that finite element modelling has been used to confirm that any interaction between the two rings is small and has a negligible effect on their resonant frequency. However, by placing an SRR beneath both tracks of the CPW the coupling between the SRRs and the radiation guided along the CPW is increased). The SRRs are excited via the fields of the guided mode of the CPW, with the distance between the plane of the CPW and the plane containing the SRRs, and the separation of the pair of SRRs from the mid-line of the CPW, both determining the strength of the excitation. (Note: An offset of the SRR's position from the mid-line is required for maximum coupling to the guided mode due to the field curvature around the co-planar waveguide tracks. For a more detailed exploration of the interactions of SRRs and CPWs the reader is directed to Baena et al's work [25] ). A fibreglass FR4 substrate with a relative permittivity of 4.5, and co-planar waveguide dimensions of t=5 mm and s=0.5 mm, were chosen to give a 50 Ω impedance [26] (see right panel of Figure  2 ). The use of a co-planar waveguide to excite the splitring resonators allows easy access to the varactor, and a bias voltage to be applied without the soldered wires interfering with the exciting field. In order to characterise the response of the SRRs we measured the power reflected from, and transmitted through, a 3 cm length of our CPW + SRRs system as a function of frequency using an Anritsu MS46122B Vectorstar vector network analyser (calibrated using a standard SOLT procedure). We subsequently calculated the power lost from the system, which is a combination of absorption and radiation scattered into free space, as 1-T-R. To characterise our tunable SRR we measured this lost power as the varactor was tuned across its full functional range of 0 to 28 volts (see Figure 3) , yielding a tuning range of 3.61 to 4.36 GHz for the resonance of the SRR.
III. COUPLED SRRS
Two split-ring resonators, when excited in close proximity to each other, exchange energy through their overlapping electric and magnetic fields. The pair of resonators act as coupled harmonic oscillators, allowing an analysis similar to that of a classical system of masses on springs [27] . For such a system of two coupled resonators there exist two hybridised modes; a higher frequency mode (ω + ) and a lower frequency mode (ω − ). However, unlike simple mechanical resonators, since SRRs exhibit bianisotopy (an exciting electric field induces a magnetic dipole moment as well as an electric dipole moment -and vice versa) one must consider the interaction between the SRRs via both the electric and magnetic dipole moments. From Figure 1 one can see that the magnetic dipole moments of a pair of axially oriented SRRs will couple longitudinally, whilst the electric dipole moments will couple transversely. In addition, depending upon the relative rotation of the SRRs, the coupling via the electric and magnetic dipole moments can either be in conflict or in concert, allowing the strength of the coupling to be controlled via a rotation of one of the SRRs. A full description of the coupling mechanisms between axially oriented SRR dimers can be found in [8] .
The complexity of these interactions requires an analysis similar to that of Liu et al. [28] where the modes of the two coupled rings can be derived from a Lagrangian analysis of the charges moving inside the rings. Equation 2 gives the frequency for the coupled modes, ω + and ω − :
where ω a is the isolated resonance frequency of the tunable SRR, ω p is the isolated resonance frequency of the passive SRR and K E and K H are the dimensionless electrical and magnetic coupling terms respectively. Equation 2 can be solved by treating ω + and ω − as simultaneous equations in order to find K 2 E and K 2 H in terms of the uncoupled frequencies.
IV. THE COUPLED MODES OF A PASSIVE AND TUNABLE SPLIT-RING RESONATOR PAIR
To examine the coupled SRR interaction described in section III we used a similar system to that described in section II, but with the addition of a passive SRR placed between the CPW and the tuneable SRR (see figure 4) .
The passive SRR was designed such that its resonance frequency was mid-way between the upper and lower frequency limits of the tunable SRR (approximately 4 GHz), thus allowing the resonance of the tuneable SRR to be "tuned through" that of the passive SRR. To this end the passive SRR was designed with the following dimensions: r = 2.4 mm, g = 0.8 mm, w = 0.9 mm. Whilst the tuneable SRR was kept at a fixed distance from the CPW, the separation between the tunable and non-tuneable SRRs could be altered through the use of additional spacer layers from 0.8 mm to 2.0 mm at 0.4 mm intervals. Altering this separation changes the coupling strength between the resonators since coupling arises from near-field interactions between the fields of the individual SRRs. In addition, the non-tunable SRRs can be rotated relative to the tunable SRRs, giving an additional avenue for controlling the coupling strength. This rotation by angle θ is marked by the green arrow in Figure 4 .
The loss from the system was measured to find the positions of ω + and ω − as a function of the tuning bias voltage for relative SRR rotations of 0
• , 90
• and 180
• and SRR separations of 0.8 mm, 1.2 mm, 1.6 mm and 2.0 mm. A plot of the loss spectra in the 90
• case is shown in Figure 5 . The mode positions were extracted from these spectra using a peak fitting algorithm. In some cases the modes did not couple well to the CPW and were not directly observable in the loss spectra. In these cases estimates were made through a combination of matching to finite element models and keeping the calculated coupling terms continuous. Figure 6 shows theses extracted mode positions for all measured separations and angles.
The resonance frequency of the passive ring is slightly different for each data set as their orientation and proximity to the CPW has a small effect on their resonance frequency. Using the values for the mode positions extracted from the loss data sets, K E and K H where calculated, as described above, and are plotted in Figure 6 using solid and dashed lines respectively. Starting with subfigures 6(a) and 6(d) we see that, in the 0
• case, while the frequency splitting between the modes is relatively small, the magnitude of the coupling terms, and hence the interaction strengths via the electric and magnetic dipole moments, is rather large. However, because the two coupling terms are in opposition with each other the net effect is a small splitting despite the strong interactions. Also notable is that K E and K H change which is of greatest magnitude as the tuning voltage is traversed for the 1.2 mm, 1.6 mm and 2.0 mm separations. This indicates that by tuning the varactor one can determine whether the higher energy mode of the system is the symmetric or anti-symmetric of the coupled modes.
In the 90
• case, subfigures 6(b) and 6(e), the frequency splitting is strong. However, the coupling appears to be dominated by K E while the K H term is minimal, despite the fact that the electric dipoles are orthogonal to each other. This is due to the rotational asymmetry of the ring; when the SRR is rotated the electric dipoles are not only rotated, they are also offset from each other. This allows for a strong electrical interaction between the dipoles where theories that only take account of the angle predict none [28] . Also notable in this case is the fact that the magnetic terms, while small, go through a transition near the uncoupled crossing point where they change from being in opposition to the electric terms to be being in concert with them.
Finally the 180
• case displays the greatest splitting of the three rotations, but has coupling terms that are no bigger, and if anything are smaller in some cases, than the others. The small values are because the 180
• case leads to the largest horizontal offset, and hence smallest interaction strength between the electric dipole moments, of the three rotations. However, this doesn't result in a smaller splitting because K E and K H work in concert for this orientation. Also notable in this plot is the crossing between K E and K H in the 0.8 mm separation case. Since K E and K H act in concert this does not result in a change in dipole symmetry of the modes, as was the case for 0
• . Instead, whether the asymmetric splitting is weighted to be above or below the passive frequency, is governed by the relative magnitude of K E and K H .
V. CONCLUSION
We have designed and fabricated a tunable split-ring resonator by incorporating a varactor. Through the application of a bias voltage the resonance frequency of the fundamental mode of the SRR can be tuned between 3.61 GHz and 4.48 GHz. This range is 5 times larger than the frequency width of the mode (160 MHz). We have used this tunable SRR to investigate the coupling to a second non-tunable SRR, and have observed an anti-crossing behaviour typical of coupled systems by tuning one ring's resonance frequency through that of the other. By changing the separation between the rings, and their relative rotation, we have been able to modify the strength of the coupling between the SRRs over a wide range. Such investigations into the coupling between meta-atoms in close proximity to eachother may help illuminate the difficulties and opportunities when designing dense active metamaterials.
